A n improved experimental set-up for relative permeability measurement and interpretation methodology has been developed. The improvement was aimed at two objectives: to modify the equipment in order to obtain more reliable experimental data and to interpret them appropriately. Special emphasis was laid upon pressure drop oscillations and uncertainties in water saturation measurements. Relative permeabilities are inferred by interpreting production data using the JBN method and verifying them by simulation.
INTRODUCTION
Reservoir engineering studies rely heavily on measurements from a few small samples from reservoir rock formations. Core plug relative permeability is a key measurement since it gives one of the few insights into multiphase flow behaviour. The estimation of reserves and recoverable hydrocarbons for a whole field may depend quite strongly on the values determined for end point saturations and relative permeability curves from this limited core data set. The correct interpretation of such data is therefore crucial.
To find oil and water relative permeability by the displacement or unsteady-state method (Buckley and Leverett, 1942; Rapoport and Leas, 1953) , a small linear core plug usually is saturated with water, then oilflooded to irreducible water saturation. Subsequently, the core is waterflooded, and during the process, pressure drop across the entire core and water injection rate are determined. Effluent fractions are collected and the amount of water and oil in each is measured. Augmented by the absolute permeability and pore volume of the core and by oil and water viscosities, these data are sufficient to develop relative permeability curves.
Dynamic displacements at reservoir conditions have been used extensively at Ecopetrol -ICP (Osoba and Richardson, 1951; API RP 40, 1988; Jones and Roszelle, 1978) to measure relative permeabilities during the past decade. Results of these tests have contributed significantly to our understanding of the past recovery performance of many reservoirs, and increased our confidence in predictions of their future performance. Nevertheless, it has been recognized the presence of high oscillations in pressure drop across and uncertainties in water saturation inside core samples during water/oil relative permeabilities measurements that endanger data reliability and as a consequence reservoir performance forecasting.
It is argued that such oscillations in pressure drop across the sample are produced because of an improper backpressure regulator arrangement (Exxon Production Research, 2000) . The flow of two nearly incompressible fluids through the backpressure membrane produces a pressure oscillation that is translated to the measured pressure drop across the core sample. A modification of the current experimental set-up has been implemented which eliminates pressure drop oscillations.
Moreover, oil and water volumes produced from the core have previously been measured using glass vessels which introduces serious uncertainties in core sample water saturation. A two-phase separator was added to the equipment that is able to measure produced fluid volumes based on water-oil interface level. This allows continuous measurements of produced fluids with time.
In addition to the improvement in data gathering reliability, a fluid flow simulator is used to verify the experimental production data (pressure drop across the sample and oil production). The added amount of saturation data points allows for the necessary information to simulate the laboratory experiment and confirm the validity of the relative permeability curves estimated by the JBN method (Johnson et al., 1959) . Figure 1 shows a sketch of the experimental equipment. The main parts of the modified apparatus are a pumping system, a two-phase separator and a core holder.
EXPERIMENTAL EQUIPMENT
The pumping system was enhanced by appending four fluid reservoirs, three cylinder pumps and an airdampened back pressure arrangement that altogether has the capability of recycling one or two phases simultaneously through a core sample. Each phase is pumped into the core sample with accurate and virtually pulse-free flow rates so that oscillation-free pressure drop measurements are expected to be obtained, if the backpressure regulator is adequately arranged.
The backpressure arrangement was emended in such a manner that two-phase flow is prevented from passing through the backpressure membrane. Once fluids have been segregated by means of a gravity separator, one of the two fluids is allowed to flow into a cylinder filled with air and pressurised at the backpressure setpoint. In this way, only air is flowed through the backpressure membrane. In that a single gas phase is flowing and it is compressible, oscillations in differential pressure are suppressed.
Also, a two-phase acoustic fluid level monitor and gravity separator was added to the experimental equipment, which is able to separate water from oil and measure produced fluid volumes based on water-oil interface level. This allows continuous measurements of produced fluids with time in contrast with the previous method which only allowed measurements at discrete points.
The pumping system, the separator and the core holder, all placed in a heating cabinet, provide a closed loop for recycling both phases up to reservoir conditions. The apparatus is capable of running, either, steady-state type experiments and unsteady-state type experiments (i.e., either one or two phases can be simultaneously injected into the core sample). Monitoring of the apparatus and data acquisition is automated and performed using a personal computer.
In addition to the improvement in data gathering reliability, a conventional black-oil fluid flow simulator is used to verify the data. The laboratory test is simulated, with the JBN-derived relative permeabilities as input, to confirm the experimental production data.
EXPERIMENTS AND SIMULATION EVALUATION
In order to examine the effect of the proposed reform on the estimated relative permeability data, two experiments were carried out on the same core sample. A Berea core plug with properties given in Table 1 was used experiment 1 was carried out in the new experimental design and experiment 2 in the previous equipment. The core sample was vacuum saturated with synthetic brine. Then irreducible water saturation was established by displacing refined oil. And finally, the sample was waterflooded and the production data, pressure drop and produced fluid volume, gathered.
Figure 2 likens current pressure drop data across the sample versus previous data. As observed, oscillations in differential pressure are utterly suppressed. Figure 3 compares current versus old measurements of produced oil volume. A continuous measurement is achieved which provide us with sufficient information for relative permeability data interpretation. Also, accuracy is increased since the acoustic separator has ±0,1 ml resolution with a ±0,1% uncertainty as opposed to visual measurements with a ±2% uncertainty.
Relative permeabilities were estimated using the JBN method and then validated by simulating the experiments. Figure 4 presents a comparison between the relative permeabilities curves estimated from the two experiments.
A difference greater than 5% is observed in irreducible water saturation and residual oil saturation. As stated above, the uncertainty in volume measurements taken by the acoustic separator is far lower than the one of visual readings on calibrated glass vessels, therefore, the end-points on the relative permeability curves for the second experiment are considered "more correct."
The lower water relative permeability values for the first experiment in spite the higher pressure drop at the end of the experiment is explained by realising its higher residual oil saturation. A higher residual oil saturation means smaller flow area, which increases flow restriction and results in higher differential pressure.
A core model representing the properties and conditions of each experiment, with its respective estimated Kr as input, was loaded in a black-oil simulator and the experimentally obtained data compared with those calculated by using simulation. Figure 5 compares the simulated data and the experimental data obtained in the experiment 1. Figure 6 compares the simulated data and the experimental data obtained in the experiment 2. An improvement in the history match of the experimental data gathered in the new equipment design is observed. Although an improvement in data quality has been managed, there is the need to enhance the interpretation technique. Adjustment techniques that infer relative permeabilities for the whole saturation range from the adjustment of experimental and simulated production data, in addition to including capillary pressure effects, have been developed lately. It is, therefore, advisable to implement one of such techniques so as to improve the overall process of obtaining reliable relative permeability data.
To further demonstrate how differences in estimated Kr data influence predicted production data, a 2D core model (Table 2 ) with three injection steps was simulated using the two sets of relative permeability data obtained. The numerical simulator was used to compute pressure drop and produced oil (Figure 7) . Simulation using the Kr data obtained from experiment 2 underpredicts produced oil and gives rise to higher injection well pressure, which clearly is a very pessimistic forecasting. 10 layers with varying K: (800, 700, 600, 500, 400, 300, 200, 100, 500, 50 md) 
